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(57) ABSTRACT

The present invention relates to a thin film of a metal-silicon
compound and a process for producing the thin film of the
metal-silicon compound. The metal-silicon compound is a
compound of a transition metal and silicon, and has a transi-
tion metal-containing silicon cluster as a unit structure, the
transition metal-containing silicon cluster having a structure
in which a transition metal atom is surrounded by seven to
sixteen silicon atoms, two of which are first and second neigh-
bor atoms to the transition metal atom.

12 Claims, 9 Drawing Sheets
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1
THIN FILM OF METAL-SILICON
COMPOUND AND PROCESS FOR
PRODUCING THE THIN FILM OF THE
METAL-SILICON COMPOUND

TECHNICAL FIELD

The present invention relates to a thin film of a metal-
silicon compound used as a semiconductor thin film of a thin
film transistor and the like, and a process for producing the
thin film of the metal-silicon compound.

BACKGROUND ART

Films made from crystalline silicon and amorphous silicon
can be made with ultrathin thicknesses. Actually, it has been
reported that a crystalline silicon layer can be formed with an
average thickness of 0.7 nm by thermal oxidation of a SOI
(Silicon on Insulator) substrate (see Non-Patent Literature 1).
However, in such a thin film, it is difficult to control an
interfacial structure thereof in an atomic layer level, whereby
an interface state such as a defect or the like is caused in the
thin film. Further, due to the ultrathin thickness of the
ultrathin conducting layer, the interface state causes carrier
scattering, thereby affecting conductivity in the ultrathin con-
ducting layer. Actual mobility of electrons in the crystalline
silicon having 0.7 nm in thickness is 50 cm*/Vsec. This is
extremely inferior to 1000 cm?/Vsec or less that is mobility of
bulk crystalline silicon. Furthermore, in such a thin film struc-
ture, conductive control by doping cannot be performed
because a so-called dopant itself, such as phosphorus and
boron, causes carrier scattering.

Amorphous silicon is a semiconducting material used for a
TFT of liquid crystal, a solar cell and the like. However, the
amorphous silicon has lower mobility than crystalline silicon
whose mobility is 1 cm?/Vsec for n-type semiconductor and
the mobility of the crystalline silicon is 0.1 cm®/Vsec for
p-type semiconductor. Therefore, the amorphous silicon can-
not be used for a material for a high-performance device such
as a LSI. Further, the amorphous silicon requires a hydroge-
nation of dangling bond so as to retain properties as a semi-
conducting material. However, it has been known that,
because the end of the dangling bond is dehydrogenated by
hot electron or photoirradiation, a device having the amor-
phous silicon falls into out of order.

There has been known that organic materials, such as a
pentacene, encompass a material having mobility higher than
the amorphous silicon. The material has been regarded as a
potential material for organic devices such as an electrolumi-
nescence, a field effect transistor and a solar cell (see Non-
Patent Literature 2).

However, electron field-effect mobility of electron holes of
p-type pentacene is no more than 0.75 cm?/Vsec (see Non-
Patent Literature 3). Therefore, the electron field-effect
mobility of the electron holes of the p-type pentacene is
inferior to the mobility of the crystalline silicon. As a result,
the p-type pentacene cannot be a material for the high-per-
formance device. Further, the p-type pentacene has lower heat
resistance and oxidation resistance than those of silicon mate-
rials. The p-type pentacene is also inferior in stable perfor-
mance. Particularly, the p-type pentacene has a melting point
of substantially 300° C., and therefore, cannot be used for a
device that would reach a high temperature.

A patent (see Patent Literature 1) discloses a cluster com-
pound of a transition metal and silicon. However, the patent
does not disclose an array of the cluster compound.

20

25

30

35

40

45

50

55

60

65

2

Another patent (see Patent Literature 2) discloses that a
semiconductor is made of a laminated substance in which a
transition metal-containing silicon cluster having a MSi,,
composition is arranged. This patent also discloses a semi-
conductor device that uses the laminated substance. However,
the semiconductor device is not sufficiently functional
because the laminated substance has a narrow band gap.

Paten Literature 1

Japanese Patent Application Publication, Tokukai, No.
2000-327319 A

Patent Literature 2

Japanese Patent Application Publication, Tokukai, No.
2008-28125 A

Non-Patent Literature 1

IEEE International Electron Devices Meeting 2003 Tech-
nical Digest, p 805

Non-Patent Literature 2

Journal of the Physical Society of Japan 2007, vol. Nov., p
851

Non-Patent Literature 3

Advanced Materials 2007, vol. 19, p 678

SUMMARY OF INVENTION
Technical Problem

An object of the present invention is to provide a thin film
of a metal-silicon compound in which a gap E,,; between
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) is wide, and to pro-
vide a process for producing the thin film of the metal-silicon
compound.

Solution to Problem

In order to attain the foregoing object, the present invention
provides the followings.

(1) A thin film of a metal-silicon compound, the metal-
silicon compound being a compound of a transition metal and
silicon, in which compound a unit structure is a transition
metal-containing silicon cluster, the transition metal-contain-
ing silicon cluster having a structure in which a transition
metal atom is surrounded by seven to sixteen silicon atoms,
two of which are first and second neighbor atoms to the
transition metal atom.

(2) The thin film of the metal-silicon compound as set forth
in (1) wherein: the transition metal atom is any one of tita-
nium, vanadium, chromium, manganese, iron, cobalt, nickel,
zirconium, niobium, molybdenum, ruthenium, rhodium,
hafnium, tantalum, tungsten, rhenium, osmium and iridium.

(3) The thin film of the metal-silicon compound as set forth
in (2) wherein: the transition metal atom is molybdenum or
tungsten, and the number of silicon atoms is ten or twelve in
the unit structure.

(4) A thin film of a hydrogenated metal-silicon compound,
being made by hydrogenating a transition metal-containing
silicon cluster as set forth in (1) or (2).

(5) A process for producing a thin film of a metal-silicon
compound as set forth in any one of (1) to (3), comprising the
steps of: synthesizing in advance a transition metal-contain-
ing silicon cluster in which the transition metal atom is sur-
rounded by four to sixteen silicon atoms; and agglomerating
the synthesized transition metal-containing silicon cluster.

(6) A process for producing a thin film of a metal-silicon
compound as set forth in any one of (1) to (3), comprising the
step of: emitting the transition metal atom into monosilane
gas by laser ablation method, so as to synthesize the transition
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metal-containing silicon cluster by gas phase reaction of the
transition metal atom with monosilane.

(7) A process for producing a thin film of a metal-silicon
compound as set forth in any one of (1) to (3), comprising the
step of: emitting the transition metal atom and a silicon atom
from a compound target of the transition metal atom and
silicon by laser ablation method, so as to synthesize the tran-
sition metal-containing silicon cluster.

(8) A process for producing a thin film of a metal-silicon
compound as set forth in any one of (1) to (3), comprising the
steps of: depositing the transition metal-containing silicon
cluster on a surface of a solid substrate; and reacting the
deposited transition metal-containing silicon cluster with
monosilane, so as to form a structure in which the transition
metal atom is surrounded by seven to sixteen silicon atoms.

(9) A process for producing a thin film of a hydrogenated
metal-silicon compound as set forth in (4), comprising the
steps of: synthesizing in advance a hydrogenated transition
metal-containing silicon cluster in which the transition metal
atom is surrounded by four to sixteen silicon atoms; and
agglomerating the synthesized hydrogenated transition
metal-containing silicon cluster.

(10) A process for producing a thin film of a hydrogenated
metal-silicon compound as set forth in (4), comprising the
step of: emitting the transition metal atom into monosilane
gas by laser ablation method, so as to synthesize the hydro-
genated transition metal-containing silicon cluster by gas
phase reaction of the transition metal atom with mono silane.

(11) A process for producing a thin film of a hydrogenated
metal-silicon compound as set forth in (4), comprising the
step of: emitting the transition metal atom and a silicon atom
into monosilane gas from a compound target of the transition
metal atom and silicon by laser ablation method, so as to
synthesize the hydrogenated transition metal-containing sili-
con cluster by gas phase reaction of the transition metal atom
with monosilane.

(12) A process for producing a thin film of a hydrogenated
metal-silicon compound as set forth in (4), comprising the
steps of: depositing the hydrogenated transition metal-con-
taining silicon cluster on a surface of a solid substrate; and
reacting the deposited hydrogenated transition metal-con-
taining silicon cluster with monosilane, so as to form a struc-
ture in which the transition metal atom is surrounded by seven
to sixteen silicon atoms.

Advantageous Effects of Invention

The present invention makes it possible to produce a semi-
conductor film having a finite band gap by agglomerating a
transition metal-containing silicon cluster because the transi-
tion metal-containing silicon cluster is a semiconductor in
which a gap E,,; between highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
is wide.

Particularly, in a case where a transition metal M is Mo or
W, and in a case where a transition metal-containing silicon
cluster in which the number of silicon atoms is ten or twelve
is deposited, the band gap of the semiconductor film exceeds
0.8 eV that is a value necessary for an operation of a transistor
in room temperature.

When the number of valence electrons of a contained tran-
sition metal M is odd, the total number of valence electrons of
a transition metal-containing silicon cluster becomes odd
(odd electron). Therefore, strictly speaking, E,,; becomes 0
eV. However, agglomeration of the transition metal-contain-
ing silicon cluster forms bonding between clusters. Further,
interchange of an electric charge causes structural relaxation,
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thereby allowing formation of a semiconductor film, as in a
case where the transition metal-containing silicon cluster
having even electrons is agglomerated. That is, the semicon-
ductor film is formed by agglomerating a transition metal-
containing silicon cluster in which a gap E;, instead of E,;,
between semi-unoccupied molecular orbital (SUMO) and
LUMO is wide.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 shows a WSi,, film in which WSi,, of the present
invention is a unit structure.

FIG. 2 shows a stable structure of MSi,, (“n” is a number in
a range of 7 to 16), obtained by first-principles calculation.

FIG. 3 shows a stable structure of a NbSi, , dimer, obtained
by first-principles calculation, and shows a molecular orbital
representing existence of bonding between NbSi, ,.

FIG. 4 shows a change of a stable structure, caused by
hydrogenating WSi, , into WSi ,H. .

FIG. 5 is a plan view of MSi,, cluster deposition system.

FIG. 6 shows XPS spectrum of a MoSi,, film.

FIG. 7 shows a plot of MoSi,, and NbSi,, film compositions
in RBS spectrum against relative intensity of each of Si 2p
peak and Mo 3p peak in the XPS spectrum.

FIG. 8 shows XPS spectrum of a NbSi, ; film before and
after exposure to the air.

FIG. 9 shows detailed spectrum around Si2p and Nb3d in
XPS spectrum of a NbSi, ; film before and after exposure to
the air.

FIG. 10 shows a change of resistivity of each of WSi,,
MoS8i,, and NbSi, films, plotted against Si/M=n.

FIG. 11 shows a change of resistivity plotted against “n”
before and after a NbSi, H, film is heated at 500° C.

FIG. 12 shows a change of absorption edges of WSi,,
MoSi,, and NbSi,, films, plotted against Si/M=n.

FIG. 13 shows Arrhenius plots indicative of temperature
dependence of resistivity of a MSi,, film.

FIG. 14 shows “n” dependence of activation energy of a
MSi,, (M is Mo, Nb or W) film.

FIG. 15 shows a result of Raman scattering measurement
of'a crystalline tungsten disilicide (c-WSi,) and a WSi, film.

FIG. 16 shows XPS spectrum of a WSi, film obtained by
depositing a Wi, target at a substrate temperature of 280° C.
and then annealing the WSi,, film for 10 minutes at 500° C.
under ultra high vacuum.

FIG. 17 shows a C11b type crystalline structure of WSi,.

DESCRIPTION OF EMBODIMENTS

The following schematically describes a thin film of a
metal-silicon compound of the present invention.

No silicon cluster that contains a transition metal exists in
a metal silicide MSi,. For example, in a MSi, crystalline
structure (C11b type) as shown in FIG. 17, ten Si atoms are
disposed around a W atom, and further other W atoms are
disposed around the ten Si atoms. That is, in the MSi, crys-
talline structure, ten Si atoms are shared by a plurality of W
atoms, Si atoms are first neighbor atoms to the W atom, and
the other W atoms are second neighbor atoms to the W atom.

On the contrary, the thin film of the metal-silicon com-
pound (hereinafter referred to as a “MSi,, film” in this speci-
fication) of the present invention is characterized in that sili-
con atoms in a transition metal-containing silicon cluster
(hereinafter referred to as “MSi,,” in this specification) is
bonded to silicon atoms in another transition metal-contain-
ing silicon cluster, thereby causing silicon atoms to become
second neighbor atoms to a transition metal M (hereinafter
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referred to as “M” in this specification). FIG. 1 shows a
structure of a WSi,, film. As shown in an enlarged view of
FIG. 1, the WSi,, film has a structure in which a W—Si—
Si—W network is formed. The structure makes it possible to
form a semiconductor thin film having the foregoing func-
tion.

FIG. 17 shows the bonding between silicon atoms so as to
highlight ten Si atoms around a W atom. An upper right
diagram of FIG. 1 shows an enlarged view of a portion that is
surrounded by a line of a left diagram of FIG. 1, and a lower
right diagram of FIG. 1 shows a WSi, , cluster used as a unit
structure.

Further, hydrogenation of the MSi,, film widens a band gap
thereof, and causes the MSi,, film to have high resistance.
Furthermore, because the MSi,, film has a silicon cluster that
contains M as a unit structure, a dangling bond of the silicon
atoms is ended at the M that is disposed inside the silicon
atoms. Therefore, the MSi,, film does not require a hydroge-
nation of dangling bond in order to form a finite band gap
though amorphous silicon requires it. As a result, the MSi,,
film is not so deteriorated in its function by dehydrogenation.

A thin film in which MSi,, is deposited is macroscopically
amorphous. However, the thin film has a structure locally
uniformed by having MSi,, (“n” is a number ranging from 7 to
16) as a unit structure. Further, properties of a cluster that is a
unit structure promise that an electronic state of the thin film
is semiconducting, and the MSi,, film is characteristic of hav-
ing carrier mobility higher than that of amorphous silicon.
Actually, MoSi, and MoSi, , films are p-type and have 6.9
cm?/Vsec and 32.4 cm?/Vsec of mobility, respectively.
Accordingly, a film in which a silicon cluster that contains M
is a unit structure can be substituted for amorphous silicon in
order to form a transistor of higher performance. It can be said
that the film has mobility higher than that of a thin film of an
organic semiconductor. Pentacene is known as an organic
conductor material having high mobility. However, electron
field-effect mobility of electron holes of p-type pentacene is
no more than 0.75 cm®Vsec. The thin film of the organic
semiconductor is characteristic of being formed in low tem-
perature and forming a transistor on various solid substrates.
A MSi,, film also can be deposited in room temperature, and
can be formed on various solid substrates.

The following describes, in detail, the thin film of the
metal-silicon compound of the present invention and a pro-
cess for producing the thin film of the meta-silicon com-
pound, with reference to drawings.

First, a transition metal-containing silicon cluster is
searched by first-principles calculation.

A structure search by the first-principles calculation was
conducted for a metal-silicon cluster having a composition in
which a M atom has seven Si atoms. As a result, it was found
that, when the transition metal M is titanium (T1), vanadium
(V), chromium (Cr), manganese (Mn), iron (Fe), cobalt (Co),
nickel (Ni), zirconium (Zr), niobium (Nb), molybdenum
(Mo), ruthenium (Ru), rhodium (Rh), hafnium (Hf), tantalum
(Ta), tungsten (W), rhenium (Re), osmium (Os) or iridium
(Ir), structures shown in FIG. 2 or other structures similar to
those shown in FIG. 2 are stable, in which structures the M
atom is surrounded by the silicon atoms.
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FIG. 2 shows a stable structure of MSi,, (“n” ranges from 7
to 16), obtained by the first-principles calculation. In FIG. 2,
M=W. Even in a case where the M is Ti, V, Cr, Mn, Fe, Co, Ni,
Cu, Zr, Nb, Mo, Ru, Rh, Pd, Ag, Hf, Ta, Re, Os, Ir, Pt or Au,
the MSi, has a structure similar to those shown in FIG. 2.
Gaussian03 was used for this calculation. Chemical models
used for this calculation were B3LYP/Lanl.2DZ and
B3PWO91/LanL.2DZ.

FIG. 2 shows structures wherein M may be W. As shown in
Table 1, a gap E;; between HOMO and LUMO and agap E;
between SUMO and LUMO of the cluster range from 0.71 eV
10 2.99 eV.

The following describes that a semiconductor film can be
formed by agglomerating a transition metal-containing sili-
con cluster in which E; is wide and which has odd electrons.
FIG. 3 shows a stable structure obtained by the first-principles
calculation, and shows a molecular orbital representing bond-
ing between NbSi,,, in a case where two of NbSi, , in which
E; 1s 1.06 eV are bonded to each other, that s, in a case where
a dimmer is formed. The NbSi,, stabilized when a distance
between bonded silicon atoms that are closest to each other
was 0.32 nm. When a molecular orbital whose level is 1.85eV
lower than energy of HOMO having even electrons made of a
NbSi,, dimer, is observed, it is apparent that the NbSi,,
molecules show an amplitude due to bonding, thereby prov-
ing that bonding between clusters is formed in the NbSi,,
molecules. The bond formation between the NbSi,, mol-
ecules is associated with charge transfer, thereby causing
structural relaxation in which a distance between bonded
silicon atoms of a part of six-membered Si ring of NbSi,,
increases. In the structural relaxation, the electrons made of
the NbSi,, dimer have a gap E,;; that is 0.844 eV and semi-
conducting properties. Similarly, gaps E,;; of stable struc-
tures of other MSi, , having odd electrons were determined as
follows: E;,; was 0.844 eV in a case of a TaSi, , dimer; E,,;
was 0.381 eV in a case of a ReSi, , dimer; E,,; was 0.816 eV
in acase ofa VSi,, dimer; and E,,; was 0.354 eV in a case of
a MnSi,, dimer. Further, gaps E,;, of stable structures of
dimers of MSi,, having odd electrons and having a different
silicon composition were determined as follows: E,,;, was
2.50 eV in a case of NbSi; and E,;; was 1.61 eV in a case of
ReSi, . As a result, it was found that these stable structures
have semiconducting properties.

FIG. 4 shows a structure of a hydrogenated transition
metal-containing silicon cluster (hereinafter referred to as
“MSi, H,” in this specification, and note that “x” ranges from
2 to 12), figured by first-principles calculation. From FIG. 4,
it is apparent that, even if the transition metal-containing
silicon cluster is hydrogenated, the transition metal-contain-
ing silicon cluster retains, by W-Si bonding, a structure in
which a W atom is surrounded by Si atoms. This proves that,
as long as the M-Si bonding is retained, the hydrogenation of
MSi,, (“n” ranges from 7 to 16) having a silicon cluster struc-
ture, even if it occurs, will not deprive a transition metal-
containing silicon cluster of the structure in which a M atom
is surrounded by Si atoms. Based on this, it can be deduced
that the number “x” of hydrogen atoms that can bond to MSi,,
ranges from 1 to “n”.

TABLE 1
TiSi, CoSi, NiSi, MoSi,, HfSi, ReSi,

n Eg(@V) n Eg(V) n EgeV) n Eg(eV) n Eg(eV) n  Eg(eV)
7 1.85 7 2.94 7 2.88 7 2.50 7 1.96 7 1.99
8 1.90 8 1.50 8 1.58 8 2.56 8 1.90 8 1.44
9 1.42 9 2.37 9 1.93 9 2.80 9 1.88 9 1.39

10 1.50 10 1.17 10 1.03 10 1.61 10 1.42 10 1.25

11 1.66 11 1.20 11 1.42 11 2.26 11 1.63 11 1.33
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TABLE 1-continued
12 1.71 12 1.80 12 1.09 12 2.20 12 1.74 12 2.99
13 1.80 13 1.39 13 1.25 13 2.48 13 1.66 13 1.22
14 0.90 14 1.69 14 1.63 14 1.58 14 0.82 14 1.01
15 1.50 15 1.55 15 1.58 15 1.50 15 1.33 15 1.20
16 2.12 16 1.03 16 1.88 16 1.74 16 2.12 16 1.28
VSi, MnSi,, ZrSi, RuSi,, TaSi, OsSi,,
n Eg(V) n Eg(V) n Eg(V) n Eg(V) n Eg(eV) n Eyg(eV)
7 1.93 7 1.74 7 1.93 7 1.69 7 1.66 7 1.69
8 1.88 8 1.17 8 1.88 8 1.58 8 1.55 8 1.85
9 1.93 9 1.90 9 1.25 9 1.88 9 1.63 9 2.12
10 1.50 10 1.58 10 1.42 10 1.63 10 1.36 10 1.63
11 1.44 11 1.55 11 1.66 11 1.96 11 1.39 11 1.99
12 1.01 12 2.99 12 1.69 12 2.80 12 1.06 12 2.53
13 1.96 13 1.74 13 1.80 13 1.85 13 1.44 13 1.88
14 1.12 14 1.44 14 0.90 14 0.93 14 1.06 14 0.90
15 1.50 15 1.25 15 1.50 15 1.44 15 1.59 15 1.44
16 1.69 16 1.22 16 2.12 16 0.95 16 1.58 16 1.03
CrSi, FeSi, NbSi, RhSi, WSi, IrSi,

n By @V) 1 By (V) 1 Eg (V) n Eg@V) n Eg@V) n Eg(eV)
7 2.34 7 1.71 7 1.66 7 1.47 7 2.34 7 1.58
8 2.67 8 2.26 8 1.55 8 1.39 8 2.75 8 1.39
9 2.67 9 1.71 9 1.61 9 1.39 9 2.12 9 1.33
10 1.63 10 1.39 10 1.36 10 1.25 10 1.50 10 1.28
11 2.23 11 1.90 11 1.39 11 1.42 11 2.23 11 1.33
12 2.28 12 2.80 12 1.06 12 1.12 12 2.61 12 0.71
13 2.34 13 1.77 13 1.44 13 1.39 13 2.48 13 1.39
14 1.55 14 1.63 14 1.09 14 1.28 14 1.55 14 1.06
15 1.52 15 1.39 15 1.52 15 1.20 15 1.47 15 1.20
16 1.74 16 0.79 16 1.55 16 1.01 16 1.77 16 1.03

The following describes, in detail, a process for producing
a thin film of a metal-silicon compound of the present inven-
tion.

Laser ablation is performed on a transition metal M in SiH,,
atmosphere, thereby causing gas phase reaction of SiH,, with
a M atom so as to form MSi,H, . Then, the formed MSi, H, is
deposited on a surface of a solid substrate, thereby forming a
film in which MSi, H, and MSi,, clusters are agglomerated.
FIG. 5 shows a basic structure of a device.

In FIG. 5, a reference sign 1 represents a transition metal
target, a reference sign 2 represents a sample substrate and a
holder, a reference sign 3 represents a vacuum chamber, a
reference sign 4 represents a gate valve, a reference sign 5
represents a quartz cluster growing pipe, a reference sign 6
represents a bypass line and a leak valve, a reference sign 7
represents a Nd: YAG laser (wavelength: 532 nm, repetition
frequency: 20 Hz, pulse width: 7 ns, and 1 W), a reference
sign 8 represents a multilayer mirror, a reference 9 represents
a plane-convex lens, a reference sign 10 represents a vacuum
gauge, a reference sign 11 represents a variable leak valve,
and a reference sign 12 represents a rotating motor.

The process for producing the thin film of the metal-silicon
compound is as described below.

(1) A sample substrate is positioned in a holder, and a
transition metal target is positioned in a rotating holder.

(2) A vacuum chamber is vacuated substantially to 2.0x
1077 Pa by a turbo-molecular pump, and a gate valve is then
closed. Then, the vacuuming is switched to connection to a
bypass line.

(3) 0.1 Pa to 30 Pa of SiH,, is introduced into the vacuum
chamber through a leak valve.

(4) The transition metal target is adjusted to be positioned
at a focus of a plane-convex lens, and the transition metal
target is irradiated by a Nd: YAG laser. Power of the Nd:YAG
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laser ranges from 0.25 W to 0.3 W, a pulse width of the laser
is 7 ns, and repetition frequency of the pulse is 20 Hz. On the
sample substrate that faces the transition metal target,
MSi, H, is deposited. The deposited film of MSi H, on the
sample substrate is 10x10 mm? in dimension and 10 nm to 40
nm in thickness.

(5) The deposited film of MSi,H, is annealed at 300° C. to
500° C. under ultra high vacuum, thereby dehydrogenating
the MSi, H, film. This forms a MSi,, film.

The process for producing the thin film of the metal-silicon
compound on a surface of a solid substrate is as described
below.

By performing (1) to (4) similar to those described above,
MSi, H, in which a transition metal atom M is surrounded by
four to sixteen silicon atoms is deposited on the surface of the
solid substrate.

Thereafter,

(5) the deposited MSi, H, is exposed to 0.1 Pa to 10 Pa of
SiH,. At the time of exposure, a temperature on a surface ofa
sample substrate is controlled in the range from room tem-
perature to 400° C., and the deposited MSi,,H, is reacted to the
SiH,. This forms a structure in which the transition metal
atom M is surrounded by seven to sixteen silicon atoms.

(6) The MSi, H, is annealed at 300° C. to 500° C. under
ultra high vacuum, thereby dehydrogenating MSi, H,. This
forms a MSi,, film.

In the process for producing the thin film of the metal-
silicon compound, the target used for laser ablation is a tran-
sition metal target. However, a compound target of metal
atoms and silicon may be used. That is, from the compound
target of the metal atoms and the silicon, the transition metal
atoms and silicon atoms are emitted by laser ablation method,
and thereby the transition metal-containing silicon cluster is
synthesized.
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Similarly, the transition metal atoms and the silicon atoms
may be emitted into monosilane gas from the compound
target of the transition metal atoms and the silicon by laser
ablation method, so as to react the transition metal atoms with
monosilane in the gas phase. This synthesizes a hydrogenated
transition metal-containing silicon cluster.

As compared to the transition metal target, this process in
which the compound target is used, especially in a case where
the compound target is made of high-melting metal, can
achieve a higher deposition rate than the use of the transition
metal target, and more saves monosilane gas than the use of
the transition metal target because a film of high silicon
content can be easily formed.

The following describes a composition of a MSi, film and
a result of structural analysis of the MSi, film, obtained by
X-ray photoelectron spectroscopy.

MoSi,, and NbSi, films having various composition ratios
“n” of Si to M are synthesized by adjusting pressure and flow
rate of SiH,, and ablation conditions for M, such as laser
intensity.

FIG. 6 shows X-ray photoelectron spectroscopy (XPS)
spectrum of MoSin. Concretely, FIG. 6 shows XPS spectrum
in a case where ablation was performed on Mo by 0.3 W of
Nd:YAG pulse laser (wavelength: 532 nm, repetition fre-
quency: 20 Hz, and pulse width: 7 ns), and where pressure of
SiH4 atmosphere was 10 Pa, 15 Pa or 20 Pa. In FIG. 6, peaks
of Mo 3p and Mo 3d and peaks of Si 2s and Si 2p were found.
The peak intensity ratio of the Mo 3p to the Si 2p reflects a
composition ratio of M to Si.

FIG. 7 shows a plot of MoSin and NbSin film compositions
in RBS spectrum against relative intensity of each peak of Si
2p and Mo 3p in XPS spectrum. Actually, as shown in FIG. 7,
in the plot of ratio of Si to M calculated from Rutherford
backscattering spectrometry (RBS) spectrum against ratio of
Si to M calculated from XPS of the MoSi,, and NbSi,, films,
the MoSi, and NbSi, films are substantially in proportion to
each other. As a result, it is apparent that control of the
pressure of SiH, atmosphere or the like enabled formation of
the MoSi,, and NbSi,, films having different compositions.

As described above, when “n” of MSi,, is seven or more,
MSi,, has a structure in which a M atom is surrounded by Si
atoms. Generally, a transition metal element has high reac-
tivity with oxygen and water. Therefore, when the transition
metal element is exposed to the air, the transition metal ele-
ment is oxidized. However, in a material in which a cluster is
a unit structure, M is surrounded by a network of Si, thereby
suppressing oxidization of M. In order to confirm that the
MSi,, film has the structure in which M is surrounded by the
network of Si, XPS spectrum of the MSi,, film was measured
after the MSi,, film was exposed to the air.

FIG. 8 shows XPS spectrum of a NbSi, ; film before and
after exposure to the air. As a result of the exposure of the
NbSi, ; film to the air, a peak of O 1s was detected. At the time
of'detection, peaks of'Si 2p and Nb 3d were examined in detail
(FIG. 9). In the examination, 104 eV of peak in which a signal
of the Si 2p indicates formation of SiO, was detected after
exposure to the air. Meanwhile, it was found that the peak of
the Nb 3d hardly changed before and after exposure to the air,
and that Nb was not oxidized. As a result, it was found that the
NbSi, ; film has a structure in which Nb is surrounded by a
network of Si.

The following describes a measurement result of resistivity
of'a MSi,, film.

FIG. 10 shows a change of resistivity of each of WSi,,
MoSi, and NbSi,, films, plotted against Si/M=n. Composition
ratio “n” of Si to M was calculated by Rutherford backscat-
tering spectrometry and X-ray photoelectron spectroscopy.
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10

The resistivity was obtained from a result of four-terminal
electric conductivity measurement.

FIG. 10 plots resistivity of each of the WSi,,, MoSi,, and
NbSi,, films against the composition ratio “n”. As n=Si/M
increases, the resistivity grows exponentially. Particularly,
the resistivity of the MoSi,, exceeds 1 Qcm in a region where
n>5. This indicates that metal electric conductivity is shifted
toward semiconducting conductivity as the number of “n”
increases. Further, when the NbSi, film is compared to the
MoSi,, film, the resistivity of the NbSi,, film is substantially
one or two digits lower than that of the MoSi,, film even if the
NbSi,, film and the MoSi,, film have an identical Si/M com-
position. This indicates that physicality of the MSi, film is
controllable depending on types of a transition metal-contain-
ing unit structure cluster.

FIG. 11 shows a change of resistivity before and after a
deposited NbSi, H._ is heated at 500° C. The NbSi, H, is dehy-
drogenated by heat treatment. This causes a change of resis-
tivity of the NbSi, H,. However, the NbSi, H . film becomes a
semiconductor film along with an increase of the number of
“n”.

In FIG. 11, pre-heat treatment is represented as a white
circle, and after-heat treatment is represented as a black
circle. The heat treatment dehydrogenates NbSi, H,, thereby
forming a NbSi,, film. The resistivity is obtained from a result
of four-terminal electric conductivity measurement. Note that
Si0, was used as a deposition substrate.

The following describes a measurement result of an
absorption edge of a MSi, film, obtained by light absorption
spectrum measurement.

The absorption edge of the MSi, film was measured in
order to estimate a band gap of the MSi,, film. Light absorp-
tion spectrum of the MSi, film was measured in the range
from 240 nm to 2600 nm of wavelength, and fitting was
performed by Tauc method, in order to obtain the absorption
edge of the MSi,, film.

FIG. 12 shows composition dependency of an absorption
edge of a MSi,, film. Composition ratio “n” of Si to M was
calculated by Rutherford backscattering spectrometry and
X-ray photoelectron spectroscopy. In a case where n>5, a
value of the absorption edge increased along with an increase
of the number of “n”. Around n=10, the absorption edge
became substantially 1 eV. This indicates that the MSi,
becomes more semiconducting as the number of “n”
increases, and that a band gap reaches substantially 1 eV
around n=10. This change of the absorption edge clearly
describes the composition dependency of the resistivity of the
MSi,, shown in FIG. 10.

The following describes temperature dependency and acti-
vation energy of electric conductivity.

In order to confirm that the MSi,, film has semiconducting
conductive mechanism, temperature dependency of electric
conductivity of the MSi,, film was examined.

FIG. 13 shows temperature dependency against conductiv-
ity of the MSi,, film, that is, an Arrhenius plot. In FI1G. 13, (a)
represents a MoSi, film, and (b) represents a NbSi, film.

As shown in FIG. 13, the conductivity of the MSi,, film
increases along with an increase of temperature (1), and the
MSi,, film represents a semiconducting feature. The Arrhe-
nius plot representing the conductivity against sample tem-
perature T~ is proportional to T~!, and fitting is performed on
the conductivity to obtain activation energy E .

FIG. 14 shows “n” dependency of activation energy of a
MSi,, film. FIG. 14 also shows that the activation energy E , of
electric conductivity of the MSi,, film is prone to increase
along with an increase of the number of “n”, and that the MSi,,
film takes on a semiconducting feature instead of a metal
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feature. It may be considered that, particularly, activation
energy of a NbSi, is 0.01 eV that is greatly small, and that the
NbSi; has a feature similar to that of metal. Meanwhile, a
MoSi,, film has 0.12 eV of activation energy, and has sub-
stantially at least 0.24 eV of a band gap as a semiconductor
material.

In order to show superiority in formation of a film in which
MSi,, is a unit, a thin film in which Mo was doped into
amorphous silicon was formed, and electric conductivity fea-
ture of the thin film was compared to that of another film. An
amorphous silicon film whose thickness is 150 nm was
formed on a SiO, substrate by sputter deposition technique.
In order to form the amorphous silicon film, a composition in
which a ratio of Mo:Si=1:12 was used as a sputtered target.
This allowed formation of an amorphous film in which
Si/Mo=12. After deposition of the amorphous film, the depos-
ited amorphous film was heated at 500° C. under ultra high
vacuum as with the MSi,, film. Resistivity of such a formed
Mo-doped amorphous silicon film was 0.24 Qcm in room
temperature. This is substantially one fiftieth lower than 13.4
Qcm that is resistivity of a MoSi, , film. Activation energy of
electric conductivity of the Mo-doped amorphous silicon film
is 0.048 eV. This is substantially 1/2.5 of the MoSi,, film.
That is, formation of a cluster film enables formation of a
more semiconducting film.

In order to estimate mobility, a carrier type and carrier
density of each of MoSi,, and NbSi,, films, Hall effect mea-
surement was performed. Table 2 shows the results. Hall
measurement results of the Mo-doped amorphous silicon film
are also shown so as to compare to those of the MoSi, and
NbSi,, films. The carrier types of the films are different from
each other depending on cluster compositions. In a case of
Mo, when “n” was 8, 9 or 12, the carrier type of the MoSi,, film
was p-type, and when “n” was 16, the carrier type was n-type.
The carrier types are controllable by changing types of M
instead of changing a silicon composition. In a case where Nb
is used, the carrier types of the NbSi,, film are all n-type. The
carrier density is also controllable in the range from 10'*cm™>
to 10%° cm™>. These results indicate that changing a deposited
cluster makes it possible to determine the carrier type and the
carrier density as appropriate. Further, mobility of the MoSi,,
film is substantially two to three digits greater than that of the
Mo-doped amorphous silicon film. The mobility ofthe MoSi,,
film is greater than that of general amorphous silicon. The
NbSi,, film also has higher mobility than that of n-type amor-
phous silicon. Therefore, the MoSi,, and NbSi,, films can be
industrially substituted for the amorphous silicon film. When
carrier density of the MoSi,, or NbSi,, film is compared to that
of the Mo-doped amorphous silicon film, the carrier density
ofthe MoSi, film ranges from 10'*to 10'®, and the MoSi, film
is semiconducting. Meanwhile, the carrier density of the Mo-
doped amorphous silicon film is 5.4x10%°. Therefore, it can
be considered that the Mo-doped amorphous silicon film
represents a metal electronic state. This is a result that corre-
sponds to estimation of the activation energy E, of the electric
conductivity described above.

TABLE 2
carrier mobility carrier
Samples type (em?/Vs) density (cm™)
MoSig P 13.1 1.3x10'®
MoSig P 6.9 2.5x 108
MoSi,, P 324 1.5 x 1014
MoSi ¢ n 2.8 1.4x10'8
Mo—Si alloy (Si/Mo = 12) n 0.05 5.4 x 10%°
NbSi, n 9.88 9.9 x 10%°
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TABLE 2-continued
carrier mobility carrier
Samples type (em?/Vs) density (em™)
NbSi;; n 3.86 4.7x 108
NbSi, s n 0.68 1.5x 10%°

In order to describe structural features of a MSi,, film, FIG.
15 shows a result of Raman scattering measurement of a
crystalline tungsten disilicide (c-WSi,) and a WSi, , film.

A c-WSi, has B, vibration of W—Si around 333 cm™' and
A, vibration of W—Si around 453 cm™" but has no silicon
optical phonon whicha WSi, , film has around 471 cm™. This
proves that the WSi,, film has a silicon network which the
c-WSi, does not have and which is similar to an a-Si:H film
formed therein.

The following describes a result of composition analysis of
a MSi,, film, obtained by X-ray photoelectron spectroscopy.
The MS;,, film was made of a compound target of a transition
metal atom and silicon. FIG. 16 shows XPS spectrum of a
MSi,, film obtained by depositing a W Si, target at a substrate
temperature of 280° C. and then annealing the MSi,, film for
10 minutes at 500° C. under ultra high vacuum. FIG. 16 also
shows two cases: a case where no SiH, is used and a case
where 30 Pa of SiH,, is used. From FIG. 16, it is apparent that
signals of W 4p, W 4d and W 41, and signals of Si 2p and Si
2s were formed, and that a W—Si compound was formed. A
Si/W composition “n” is estimated from peak intensity ratio
of'Si2p3/2 to W 417/2: n=12.2 in the case where no SiH, was
used; and n=14 in the case where 30 Pa of SiH, was used.

The invention claimed is:

1. A thin film of a metal-silicon compound,

the metal silicon-compound being a compound of a tran-

sition metal and silicon, in which compound a unit struc-
ture is a transition metal-containing silicon cluster;

the transition metal-containing silicon cluster having a

structure in which a transition metal atom is surrounded
by seven to sixteen silicon atoms, two of which are first
and second neighbor atoms to the transition metal atom.

2. The thin film of the metal-silicon compound as set forth
in claim 1, wherein:

the transition metal atom is any one of titanium, vanadium,

chromium, manganese, iron, cobalt, nickel, zirconium,
niobium, molybdenum, ruthenium, rhodium, hafnium,
tantalum, tungsten, rhenium, osmium and iridium.

3. The thin film of the metal-silicon compound as set forth
in claim 2, wherein:

the transition metal atom is molybdenum or tungsten, and

the number of silicon atoms is ten or twelve in the unit
structure.
4. A thin film of a hydrogenated metal-silicon compound,
being made by hydrogenating a transition metal-containing
silicon cluster as set forth in claim 1.
5. A process for producing a thin film of a metal-silicon
compound as set forth in claim 1, comprising the steps of:
synthesizing in advance a transition metal-containing sili-
con cluster in which the transition metal atom is sur-
rounded by four to sixteen silicon atoms; and

agglomerating the synthesized transition metal-containing
silicon cluster.

6. A process for producing a thin film of a metal-silicon
compound as set forth in claim 1, comprising the step of:

emitting the transition metal atom into monosilane gas by

laser ablation method, so as to synthesize the transition
metal-containing silicon cluster by gas phase reaction of
the transition metal atom with monosilane.
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7. A process for producing a thin film of a metal-silicon
compound as set forth in claim 1, comprising the step of:

emitting the transition metal atom and a silicon atom from

a compound target of the transition metal atom and
silicon by laser ablation method, so as to synthesize the
transition metal-containing silicon cluster.

8. A process for producing a thin film of a metal-silicon
compound as set forth in claim 1, comprising the steps of:

depositing the transition metal-containing silicon cluster

on a surface of a solid substrate; and

reacting the deposited transition metal-containing silicon

cluster with monosilane, so as to form a structure in
which the transition metal atom is surrounded by seven
to sixteen silicon atoms.
9. A process for producing a thin film of a hydrogenated
metal-silicon compound as set forth in claim 4, comprising
the steps of:
synthesizing in advance a hydrogenated transition metal-
containing silicon cluster in which the transition metal
atom is surrounded by four to sixteen silicon atoms; and

agglomerating the synthesized hydrogenated transition
metal-containing silicon cluster.

10. A process for producing a thin film of a hydrogenated
metal-silicon compound as set forth in claim 4, comprising
the step of:
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emitting the transition metal atom into monosilane gas by
laser ablation method, so as to synthesize the hydroge-
nated transition metal-containing silicon cluster by gas
phase reaction of the transition metal atom with monosi-
lane.
11. A process for producing a thin film of a hydrogenated
metal-silicon compound as set forth in claim 4, comprising
the step of:
emitting the transition metal atom and a silicon atom into
monosilane gas from a compound target of the transition
metal atom and silicon by laser ablation method, so as to
synthesize the hydrogenated transition metal-containing
silicon cluster by gas phase reaction of the transition
metal atom with monosilane.
12. A process for producing a thin film of a hydrogenated
metal-silicon compound as set forth in claim 4, comprising
the steps of:
depositing the hydrogenated transition metal-containing
silicon cluster on a surface of a solid substrate; and

reacting the deposited hydrogenated transition metal-con-
taining silicon cluster with monosilane, so as to form a
structure in which the transition metal atom is sur-
rounded by seven to sixteen silicon atoms.
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